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Thibaut Léger‡, Camille Garcia‡, and Jean-Michel Camadro‡§¶

Protein glycolysation is an essential posttranslational
modification in eukaryotic cells. In pathogenic yeasts, it is
involved in a large number of biological processes, such
as protein folding quality control, cell viability and host/
pathogen relationships. A link between protein glycosyla-
tion and apoptosis was established by the analysis of the
phenotypes of oligosaccharyltransferase mutants in bud-
ding yeast. However, little is known about the contribution
of glycosylation modifications to the adaptive response to
apoptosis inducers. The cysteine protease metacaspase
Mca1p plays a key role in the apoptotic response in Can-
dida albicans triggered by the quorum sensing molecule
farnesol. We subjected wild-type and mca1-deletion
strains to farnesol stress and then studied the early phase
of apoptosis release in quantitative glycoproteomics and
glycomics experiments on cell-free extracts essentially
devoid of cell walls. We identified and characterized 62
new glycosylated peptides with their glycan composition:
17 N-glycosylated, 45 O-glycosylated, and 81 additional
sites of N-glycosylation. They were found to be involved in
the control of protein folding, cell wall integrity and cell
cycle regulation. We showed a general increase in the
O-glycosylation of proteins in the mca1 deletion strain
after farnesol challenge. We identified 44 new putative
protein substrates of the metacaspase in the glycoprotein
fraction enriched on concanavalin A. Most of these sub-
strates are involved in protein folding or protein resolubi-
lization and in mitochondrial functions. We show here that
key Mca1p substrates, such as Cdc48p or Ssb1p, involved
in degrading misfolded glycoproteins and in the protein
quality control system, are themselves differentially gly-
cosylated. We found putative substrates, such as Bgl2p
(validated by immunoblot), Srb1p or Ugp1p, that are in-
volved in the biogenesis of glycans. Our findings highlight
a new role of the metacaspase in amplifying cell death
processes by affecting several critical protein quality con-

trol systems through the alteration of the protein glyco-
sylation machinery.

Data are available via ProteomeXchange with identi-
fier PXD003677. Molecular & Cellular Proteomics 15:
10.1074/mcp.M116.059378, 2308–2323, 2016.

Protein glycosylation is the most common posttranslational
modification in eukaryotic cells and glycosylation defects
have been associated with severe developmental impair-
ments and disease in humans (1, 2). Glycosylation mostly
affects plasma membrane and secreted proteins, and it plays
a critical role in regulating many cell-cell interactions (1, 3). In
pathogenic yeasts, glycosylation has been implicated in host/
pathogen interactions (3, 4) and particularly in virulence and
immune recognition (5). As protein glycosylation is essential
for cell viability in yeast, the glycosylation pathways is a
potential target for new anti-fungal drugs. Two main types of
glycosylation, N- and the O-glycosylation, have been de-
scribed in Candida albicans, which has glycan biosynthesis
pathways very similar to those of higher eukaryotes, but with
glycan moieties of a simpler oligosaccharide composition.
N-glycosylation affects the asparagine (Asn) residues of Asn-
X-Ser/Thr motifs of proteins, in which X can be all amino acids
except proline. The complex oligosaccharide moiety consists
of two N-acetylglucosamine residues associated with a
dolichol phosphate membrane-bound anchor and carrying
nine mannose and three glucose residues. It is transferred “en
bloc” to the nascent chain of newly synthesized proteins
imported into the endoplasmic reticulum, by a complex ma-
chinery involving the OST complex (6). In yeast, this complex
involves the proteins Ost1–6p, Wbp1p, Swp1p and the cata-
lytic subunit Stt3p, which are encoded by essential genes.
The core-glycosylated proteins are further modified by the
addition of long oligomannoside outer chains, which make a
major contribution to the antigenic variability of clinical iso-
lates of Candida (7). N-glycans are essential structural com-
ponents of the cell wall with a role in the folding of proteins
targeted to membrane or cell wall and in the degradation of
these proteins if they are incorrectly folded (8). O-glycosyla-
tion in yeast is somewhat much simpler, consisting of the
sequential addition of mannose moieties to the serine and
threonine residues of proteins in a process catalyzed by spe-
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cific mannosyltransferases (9) with no particular recognition
sequence other than a predominance of proline residues
around the glycosylation site (10). Oligomannosylation occurs
in the Golgi apparatus, but the first residue is added to the
target protein in the endoplasmic reticulum. O-glycosylation
has been described as a modification involved in the mainte-
nance of cell wall integrity and protein secretion (11), provid-
ing some protection against proteolysis (12) and favoring
protein stability (13, 14). It may also serve as a signal for
protein degradation in the proteasome (15). The precise func-
tion of this modification thus remains unclear. O-glycosylation
is mostly mediated by the proteins of the mannosyltransferase
family (PMTs)1. Defects of the various PMTs result in changes
in cell wall integrity, cell morphogenesis and adhesion to host
cells in C. albicans (16). They also affect protein stability and
transport to the endoplasmic reticulum in Saccharomyces
cerevisiae (17). An interesting relationship between protein
glycosylation and apoptosis has been described in S. cerevi-
siae, in which mutant strains lacking the Ost2 and Wbp1–1
proteins, essential oligosaccharyltransferases implicated in
N-glycosylation, have been reported to display metacaspase-
independent apoptotic phenotypes (18). We recently discov-
ered new roles of the C. albicans metacaspase Mca1p in
apoptosis, through the identification of a limited number of
potential substrates of its trypsin-like proteolytic activity (19).
Many of these substrates belong not only to a family of key
proteins for maintenance of the mitochondria compartment
including the AAA ATPase Cdc48p, but also to a vast group of
proteins implicated in folding, such as the chaperones
Hsp70p or Ssb1p, the degradation of which amplifies the cell
death process. The ER-dependent folding processes were
targeted, in particular, and direct targets of the Mca1p prote-
ase were also found in membrane extracellular and cell wall
compartments. A second group of potential Mca1p sub-
strates consists of mitochondrial proteins and proteins in-
volved in mitochondrial biogenesis and maintenance. Several
studies have reported the presence of glycosylated proteins
in the mitochondrion (20–22), although the mitochondria itself
as a site of protein glycosylation has recently been challenged
(23). As protein glycosylation is clearly linked to cell viability,
we wondered whether the early phase of apoptosis progres-
sion might also be connected to this key cellular process. We
therefore decided to study the role of O- and N-glycosylation
in farnesol-induced Mca1p-dependent apoptosis by quanti-
tative glycoproteomics and glycomics with the wild-type (WT)
and mca1�/� strains in the presence or absence of farnesol,
a well characterized apoptosis inducer (24, 25).

EXPERIMENTAL PROCEDURES

Strains and Growth Conditions—C. albicans strains BWP17 (26)
and BWP17-mca1�/� (mca1�::FRT/mca1�::FRT) (27) were used, as

described in (19). The cells were grown in complete medium (YPD)
until the mid-exponential growth phase. Farnesol (250 �M final con-
centration) was added to the culture and the cells were collected by
centrifugation after 4 h of treatment. The cell/treatment combination
defined four sets of conditions: two controls without farnesol treat-
ment (WT and mca1�/�) and two sets of conditions with farnesol
treatment (WT-F and mca1�/�-F). Cell-free extracts were prepared
by disrupting the cells with a One-Shot apparatus (Constant Systems
Ltd, Daventry, UK).

Enrichment in Glycoproteins and Glycopeptides by Lectin-based
Affinity Chromatography—We used cell extracts (500 �g of protein)
from each set of conditions directly for glycoprotein(/peptide) enrich-
ment with concanavalin A (ConA) magnetic beads from the Pierce
Glycosylation Isolation kit with ConA, according to the manufacturer’s
instructions (Thermo Scientific, Waltham, MA). We also digested 500
�g of cell protein from the various cell conditions overnight at 37 °C
with sequencing-grade trypsin (12.5 �g/ml; Promega, Madison, Wi) in
200 �l of 25 mmol/L NH4HCO3. The resulting peptides were loaded
onto a ConA column and processed as described above to enrich the
samples in glycopeptides. In both experiments, two elutions were
carried out and the proteins eluted from the beads were quantified
with the Bradford protein assay. As a control, peptides from trypsin
digests of crude samples were analyzed directly for protein quantifi-
cation and glycopeptide identification. We obtained three fractions:
(1) crude sample without enrichment, (2) fraction corresponding to
proteins eluted from the ConA column, and (3) fractions correspond-
ing to peptides eluted from the ConA column. The proteins eluted
from the ConA column were also digested in solution, according to
the same digestion protocol. Equal amounts of sample were used for
the analysis of fraction (1), whereas similar volumes of eluate were
analyzed for fractions (2) and (3).

LC-MS/MS Acquisition of Peptide Samples—We analyzed 2 �g of
protein digests from crude samples and equal volumes of eluted
proteins and peptides eluted from ConA columns from the different
cell conditions in triplicate with an Orbitrap Fusion Tribrid coupled to
a Nano-LC Proxeon 1000 equipped with an easy spray ion source (all
from Thermo Scientific, San Jose, CA). Peptides were separated by
chromatography with the following parameters: Acclaim PepMap100
C18 precolumn (2 cm, 75 �m i.d., 3 �m, 100 Å), Pepmap-RSLC
Proxeon C18 column (50 cm, 75 �m i.d., 2 �m, 100 Å), 300 nl/min flow
rate, gradient from 95% solvent A (water, 0.1% formic acid) to 35%
solvent B (100% acetonitrile, 0.1% formic acid) over a period of 97
min, followed by column regeneration for 23 min, giving a total run
time of 2 h. Peptides were analyzed in the Orbitrap cell, in full ion scan
mode, at a resolution of 120,000 (at m/z 200), with a mass range of
m/z 350–1550 (except for samples of isolated peptides from ConA
columns with a mass range of 350–4000) and an AGC target of 2 �
105. Fragments were obtained by higher-energy C-trap dissociation
(HCD) activation with a collisional energy of 30%, and a quadrupole
isolation window of 1.6 Da. MS/MS data were acquired in the Orbitrap
cell in top-speed mode, with a total cycle of 3 s at a resolution of
30,000, with an AGC target of 5 � 104, a dynamic exclusion of 50 s
and an exclusion duration of 60 s. Precursor priority was highest
charge state, followed by most intense. Peptides with charge states
from 2 to 8 were selected for MS/MS acquisition. The maximum ion
accumulation times were set to 250 ms for MS acquisition and 60 ms
for MS/MS acquisition in parallelization mode.

Quantitative Analysis, in Label-free Experiments, of Proteins and
Peptides from the Different Data Sets—All MS and MS/MS data for
protein samples were processed with Progenesis QI 2.0 (Nonlinear
Dynamics, Newcastle, UK) for label-free quantification and with the
Byonic search engine (Protein Metrics, San Carlos, CA, version 2.3.5)
(28). The abundances of the peptides obtained by the trypsin diges-
tion of crude sample were normalized with Progenesis software, a

1 The abbreviations used are: PMT, protein mannosyltransferase;
ERAD, ER-associated degradation; ConA, concanavalin A; PQC, pro-
tein quality control; WT, wild-type.
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procedure not directly applicable to samples obtained by ConA chro-
matography because the amount of bound material varied to the
sample origin. The mass tolerance was set to 10 ppm for precursor
ions and 20 ppm for fragments. The peptide identifications obtained
with the search engine Byonic were validated if the two-dimensional
Post Error Probabilities which include PSM FDR and protein FDR (2D
PEP) (29) were lower than 0.01 ( log 2D PEP �2). The following
variable modifications were allowed: oxidation (M), phosphorylation
(ST), acetylation (K) (2 by peptide maximum in the parameter rare
modifications). An additional glycan database was used, containing
the N-glycosylations (N) and O-glycosylations (ST) described in yeast
and making it possible to investigate 12 O-glycosylation subtypes
(from 1 to 12 mannose residues) and 14 N-glycosylation subtypes (1
N-acetylhexosamine or 2 N-acetylhexosamine with 0 to 12 mannose
residues) simultaneously in the various data sets (one modification by
peptide maximum in common modifications). The maximum number
of missed cleavages was limited to two for all the proteases used.
MS/MS data were used to search a C. albicans ORF database
(C_albicans_SC5314_A21_current_orf_trans_all.fasta, 6221 entries,
06–09-2014) retrieved from the Candida Genome Database website
(30) (http://www.candidagenome.org/). Between-subject analyses
were carried out on the various data sets. Nonnormalized abun-
dances of the proteins eluted form ConA columns and normalized
abundances of proteins from trypsin digests of crude sample with
similar normalized abundance variations (ANOVA p value � 0.05)
were classified together by the AutoClass Bayesian clustering system
(webserver Autoclass@IJM, http://ytat2.ijm.univ-paris-diderot.fr/) (31)
and visualized with Javatreeview (http://jtreeview.sourceforge.net/).
Proteins were considered to be putatively glycosylated if they were
more abundant in the ConA column eluate than in the crude sample.
Gene Ontology analyses were performed on each cluster in which
putative glycosylated proteins were overrepresented and more abun-
dant in mca1�/�-F conditions than in other conditions. These Gene
Ontology analyses were carried out with the GO Slim mapper tool
from the Candida Genome Database website. Similar GO analyses
were performed for all the glycosylated proteins found in the various
data sets.

Determination of N-glycosylation Sites After Treatment With the
Endoglycosidase H (Endo H)—We digested 20 �g of crude protein
samples from the different conditions (WT, WT-farnesol, mca1�/�
and mca1�/�-farnesol) by the Endo H (2500 U for 20 �g; Promega)
overnight at pH7.8 in 20 �l of a 50 mM NH4HCO3 buffer according to
the manufacturer’s instructions. Then deglycosylated proteins were
digested by trypsin (12.5 �g/ml; Promega) overnight. Peptides ob-
tained were analyzed in LC-MS/MS with an Orbitrap Fusion Tribrid
mass spectrometer coupled to a Nano-LC Proxeon 1000 equipped
with an easy spray ion source (all from Thermo Scientific). Parameters
used for the chromatographic separation and for the mass spectrom-
etry analyses were identical to those described in the method tab
LC-MS/MS acquisition of peptide samples. The Proteome Discoverer
1.4 node of the Byonic software was used to analyze the data. The
mass tolerance was set to 10 ppm for precursor ions and 20 ppm for
fragments. The peptide identifications obtained with the search en-
gine Byonic were validated if the 2D PEP were lower than 0.01 ( log
2D PEP �2). We searched for variable modifications: oxidation (Met),
phosphorylation (Ser, Thr, Tyr), acetylation (Lys) and HexNAc (Asn).
This last modification allowed us to identify N-glycosylation sites if
just one Asn or one consensus site was present in a peptide.

Evaluation of Consensus Sites for N-glycosylation—The N-glyco-
sylation site contexts of the identified glycosylated peptides from the
different data sets (trypsin digests of crude samples, released pro-
teins, and peptides released from ConA columns, crude samples
digested by Endo H and trypsin) were investigated according to the
different cell conditions. O-glycosylations site contexts were not in-

vestigated because most of the site localization were ambiguous
because of the HCD fragmentation mode used. Five amino-acids on
the N- and C-terminal sides of the modification sites were selected.
Extended modification specificities other than the consensus motif
Asn-X-Ser/Thr were investigated with IceLogo (https://code.google.
com/p/icelogo/) (32), using the natural abundance of amino acids in
the C. albicans protein sequence database (C_albicans_SC5314_
A21_current_orf_trans_all.fasta, 6221 entries, 06–09-2014).

Search for New Potential Substrates of Mca1p—We digested 10
�g of proteins after glycopeptide enrichment by ConA chromatogra-
phy, for each set of conditions, with the GluC protease (12.5 �g/ml;
Sigma Aldrich, St-Louis, MO) overnight at 37 °C in 20 �l of 20 mM

phosphate buffer pH7.8. MS/MS data were processed with the
Byonic search engine and Proteome Discoverer 1.4 (Thermo Scien-
tific), using the same parameters as above, except for the enzyme
parameter which was set to GluC and semi-specific. Peptides iden-
tified exclusively in WT-F conditions, in at least two of three repli-
cates, were selected for further analysis. For substrate validation,
label-free, between-subject approaches were applied to the GluC
data set, with Progenesis QI. The Mca1p-specific cleavage products
identified were considered validated if more abundant in WT-F con-
ditions than in the other conditions. ANOVA p values below 0.05 after
label-free analysis were used as a criterion for the selection of the
best potential substrates. GO analyses were performed on the list of
potential substrates with the GO Slim Mapper tool from the Candida
Genome Database website. Variation probabilities were calculated
with R software for each GO term.

SDS-PAGE—We subjected 20 �g of crude protein samples from
the different conditions to SDS-PAGE in a 4–12% NUPAGE gel
(Invitrogen, Carlsbad, CA), which were then stained with Gel code
Coomassie blue solution (Thermo Scientific). For each set of condi-
tions, the fractions (equal volumes loaded) enriched in glycosylated
protein by ConA chromatography support were run on the same gel.

Western Blot Analyses—We subjected 30 �g of crude lysate pro-
teins digested or not by Endo H (2500 U for 20 �g; Promega) from the
different conditions (WT, WT-F, mca1�/�, mca1�/� -F) to electropho-
resis in a NUPAGE 4–12% acrylamide gel (Invitrogen) and transferred
the protein bands obtained to a nitrocellulose membrane (Protran
BA85, GE Healthcare Life Sciences). The abundance and glycosyla-
tion status of the Ssb1p and Cdc48p proteins were assessed by
immunoblotting with anti-Ssb1p and anti-Cdc48p polyclonal rabbit
primary antibodies. We also used an anti-Bgl2p antibody (33) to probe
metacaspase-dependent degradation events on this protein. An anti-
3-Pgk1p antibody (rabbit polyclonal IgG fractions, Nordic Immunol-
ogy, Tillburg, The Netherlands) was used to control protein load in the
different lanes. All the primary antibodies were raised against the
proteins from S. cerevisiae. We used an anti-rabbit horseradish per-
oxidase-conjugated secondary antibody (Sigma Aldrich) and en-
hanced chemiluminescence reagents (West Pico and Femto, Thermo
Scientific) for detection of immunoreactive material. ConA-HRP
(Sigma Aldrich) was used on the same extracts (5 �g each) processed
with the same conditions of migration, transfer and detection.

Quantitative Analysis of the Released Glycans by TMT-labeling—
Glycan release and labeling with TMT reporters were performed in
accordance with the general instructions for the aminoxy-TMT sixplex
kit (Thermo Scientific). We digested 1 mg of sample from each set of
conditions with trypsin in 100 �l of 20 mM triethylammonium bicar-
bonate (TEAB) buffer overnight at 37 °C. We added 5 �l of the
glycosidase PNGase F (Prozyme, Velizy-Villacoublay, France) and the
samples were incubated for 16 h at 37 °C with continuous shaking. A
conditioned Oasis (Waters, Milford, MA) column was then used to
separate peptides from the released glycans. Glycan fractions for the
WT, WT-F, mca1�/� and mca1�/�-F conditions were labeled with
126 (monoisotopic m/z � 126.12773), 127 (m/z � 127.1248 Da), 128
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(m/z � 128.1344 Da), and 129 (m/z � 129.1315 Da) labeling reagents,
respectively. Labeled glycans were washed in 95% methanol, in 10%
acetone and then combined in a 1:1 by volume ratio. A new Oasis
column was used to discard excess aminoxy-TMT reagents. The
released glycans were analyzed on an Orbitrap Fusion Tribrid mass
spectrometer coupled to a Nano-LC Proxeon 1000 and equipped with
an easy spray source (all from Thermo Scientific). Peptides were
separated by chromatography with the following parameters: Accu-
core Amide HILIC column (15 cm, 75 �m i.d., 2.6 �m, 150 Å), 300
nl/min flow rate, gradient from 95% solvent B (100% acetonitrile,
0.1% formic acid) to 40% solvent A (water, 0.1% formic acid) over
100 min followed by column regeneration for 20 min, giving a total run
time of 2 h. Glycans were analyzed in two independent experiments,
depending on the acquisition mass range (mass ranges of m/z 270–
1000 and m/z 850–4000). In both cases, the instrument parameters
were set as follows: full ion scan mode in the Orbitrap cell, at a
resolution of 60,000 (at m/z 200) in positive mode, with an AGC target
of 4 � 105. Fragments were obtained by higher-energy C-trap disso-
ciation (HCD) activation with a collisional energy of 35% and a qua-
drupole isolation window of 1.6 Da. MS/MS data were acquired in the
Orbitrap cell, in top-speed mode, with a total cycle of 3 s, a resolution
of 15,000, an AGC target of 5 � 104, a dynamic exclusion of 50 s and
an exclusion duration of 60 s. Precursor priority for MS/MS was
highest charge state followed by most intense. Glycans with charge
states from 1 to 8 were selected for MS/MS acquisition. The maxi-
mum ion accumulation times were set to 250 ms for MS acquisition
and 120 ms for MS/MS acquisition in parallelization mode. Glycans
were quantified and identified manually.

Data Availability—The complete sets of data are available as .raw
files, Proteome Discoverer 1.4 .msf files and pep.xml files associated,
label-free reports generated by Progenesis QI and from the Candida
albicans protein sequence database, provided as a multiple fasta, in
the PRIDE partner repository (34) under the identification number:
PXD003677.

RESULTS

Strategy for the Analysis of Glycoproteome Variations and
Glycan Composition—The general workflow used to generate
the data sets for this study is shown in Fig. 1. Three data sets
were used to characterize and quantify glycosylation, and one
data set was used for the characterization of glycans. The
complete data sets are provided in supplemental Files S1 to
S4.

Analysis of Putative Glycosylated Proteins After Enrichment
by ConA Chromatography—Quantitative label-free analyses
were performed on two sets of samples digested with trypsin
(samples enriched in glycosylated proteins by chromatogra-
phy on ConA columns and crude samples), for set of cell
conditions (WT, WT-F, mca1�/�, and mca1�/�-F). All the
proteins identified in both sets and quantified with a signifi-
cant (p � 0.05) ANOVA were selected. Relative abundances
were then used to classify the proteins on the basis of abun-
dance variations. We used AutoClass@ijm to cluster the pro-
teins and Javatreeview to visualize the clusters obtained (Fig.
2). Proteins were identified as potentially glycosylated if they
were more abundant in the sample from ConA columns than
in the crude samples. An analysis of Gene Ontology terms
showed that O-glycosylated proteins were more abundant
than N-glycosylated proteins in the cell wall and that both
types of glycosylated proteins were overrepresented in the
plasma membrane. The “endoplasmic reticulum” term was
more frequent for N-glycosylated proteins only in compari-
sons with the total data set. This finding is consistent with the

FIG. 1. Study workflow.
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occurrence of early steps of N-glycan biosynthesis in the
endoplasmic reticulum, whereas O-glycosylation biosynthesis
occurs mostly within the Golgi compartment (35). Cell cycle
proteins were found to have particularly high levels of O- and
N-glycosylation. All the proteins identified and quantified by
LC-MS/MS are described in supplemental File S1 for proteins
eluted from ConA columns and in supplemental File S2 for
digested proteins from the crude sample.

Evaluation and Comparison of Glycosylation Enrichment
Methods—We compared three data sets for glycosylation
enrichment (Fig. 3). In samples without enrichment, only
0.36% of the peptides (25 out of 6879) were identified as
glycosylated by the Byonic search engine. The ConA chro-
matography of protein samples resulted in a 1.08% enrich-
ment in glycosylated peptides with respect to the total pep-
tide sample (21 out of 1919 peptides). It corresponded to 2
N-glycosylations, and 8 O-glycosylations on serine residues
and 11 on threonine residues. Higher levels of enrichment
were observed when ConA chromatography was used on
samples digested with trypsin. This led to the identification of
21 glycosylated peptides (5.83%) among a total of 339 iden-
tified peptides. We detected 12 N-glycosylations, and 4 O-

glycosylations on serine and 5 on threonine residues. Using
the three data sets, we identified a total of 62 different glyco-
sylated peptides (from 45 proteins), corresponding to 45 O-
glycosylations and 17 N-glycosylations (supplemental Table
S1 and supplemental Table S2). We identified also 81 addi-
tional sites of N-glycosylation with the data set using crude
samples digested by Endo H and trypsin (supplemental Table
S3). Among the 17 N-glycosylated peptides identified directly
(without using Endo H) 8 were identified in the data set from
the crude sample treated with Endo H with the same sites of
N-glycosylation. This is a good indicator of the relevance of
the proposed identifications. For crude samples, the number
of glycosylated proteins was greater for WT and WT-F sam-
ples than for mca1�/� samples, consistent with the ConA-
HRP signal detected on Western blots of proteins from the
crude lysates. An increase in the number of O-glycosylated
proteins in the presence of farnesol (WT and mca1�/�) was
observed with proteins eluted from ConA columns. The
ConA-HRP signal and Coomassie blue staining confirmed
these changes (supplemental Fig. S1). An increase of the
number of O-glycosylated proteins was also observed for
peptides eluted from ConA columns for mca1�/�-F cells.

FIG. 2. Determination of putative glycosylated proteins by label-free proteomics and enrichment by ConA chromatography. A,
Normalized abundances obtained by label-free analyses of trypsin digests of crude proteins and proteins eluted from ConA columns were used
to classify proteins (with an ANOVA p value � 0.05) from the two data sets by the AutoClass Bayesian clustering system (webserver
Autoclass@ijm). A higher abundance of the protein in the eluate from the ConA column than in the crude sample was considered to indicate
that the protein was probably glycosylated. B, Putative glycosylated proteins from clusters defined in (A) with higher abundances in mca1�/�-F
conditions.
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Surprisingly, more N-glycosylations than O-glycosylations
were observed with eluted proteins from ConA column in
contrast to what is measured with eluted peptides from ConA
columns. The proteins released from ConA columns were
identified and quantified, and the data are presented in the
supplemental File S3.

Determination of the Occurrence Rates of the Identified N-
and O-glycosylations—The O- and N-glycosylations identified
in all data sets were compiled as a function of their mannan
composition. We observed no increase in any particular sub-
type for N-linked glycans (Fig. 4A). No change in Man7-(Hex-
NAc)2 content was observed, even though this compound has
been identified as a degradation signal in the ERAD system
(36, 37). This molecule does not therefore appear to be a
signal inducing apoptosis in response to farnesol. We ob-
served a large increase in O-glycosylation in mca1�/�-F ex-

tracts. The oligomannans characterized were significantly en-
riched in Man2, Man3, and Man4 chains (Fig. 4B).

Evaluation of Consensus Sites for N-glycosylations—The
sites of N-glycosylation were investigated by analyzing the
sequences surrounding the glycosylated amino acid residues
(supplemental Fig. S2). For N-glycosylation, the Asn-X-Ser/
Thr motif was imposed by the use of the Byonic search
engine. This motif is relevant, given that 97% to 99% of
N-glycosylation sites contain this canonical motif (23). We
observed the same consensus when the data sets from the
Endo H treated samples were searched using Mascot, and
only the modification of an Asparagine residue by HexNAc
specified. Overall, these results indicated that there was no
modification to the profile of N-glycosylation sites, indicating
that there was no aberrant glycosylation under farnesol treat-
ment or apoptosis release.

FIG. 3. Evaluation of enrichment
methods for glycosylated peptides
and proteins according to the type of
glycosylation and cell conditions. Gly-
cosylation was compared between pro-
teins from crude samples, proteins and
peptides eluted from ConA columns and
crude samples digested by Endo H, ac-
cording to the nature of the glycosylation
(N- or O-glycosylations on Asn and Ser
or Thr residues, respectively) and the
cell conditions (WT, WT-F, mca1�/� and
mca1�/�-F). Glycosylated peptides
were identified with the Byonic search
engine.
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Analysis and Quantitative Assessment of the Glycosylated
Peptides Identified in the Various Data Sets—We also identi-
fied glycosylated peptides directly in our three data sets (sup-
plemental Table S4). Quantitative label-free analyses were
performed on the three data sets for which trypsin was used
(glycosylated peptide and protein enrichments by ConA chro-
matography and crude samples), for the four sets of cell
conditions (WT, WT-F, mca1�/�, and mca1�/�-F). All the
identified and quantified glycosylated peptides with ANOVA p
values below 0.05 were selected and the changes in their
abundance were visualized with Javatreeview software. The
O-glycosylated peptides with differential abundances in the
three data sets were mostly overrepresented in mca1�/�-F
cells (Fig. 5). This pattern was not observed for N-glycosy-
lated peptides, which had less homogeneous abundances
variations. Many glycosylated proteins, and O-glycosylated
proteins in particular, were implicated in the cell cycle (Table
I). The Gene Ontology term “transport” was underrepresented
in N-glycosylated proteins, whereas the term “protein folding”
was overrepresented, consistent with the involvement of this
type of glycosylation in the ERAD system of glycosylated
protein folding. Most of the O-glycosylated proteins overex-

pressed in mca1�/�-F cells were present in the plasma mem-
brane or cell wall. Proteins involved in glycosylation pro-
cesses, such as Pmt1p, Pmt2p, Phr2p and Kre9p, were
themselves glycosylated. N-glycosylations of the protein
mannosyltransferases Pmt1p and Pmt2p, which are involved
in the O-glycosylation process, were less abundant in mca1�/
�-F cells (Table II). Pdi1p, a major protein of the ERAD system
for degrading misfolded glycoproteins, was also N-glycosy-
lated and farnesol increased the abundance of its glycosy-
lated peptides in a Mca1p-independent manner.

The Potential Substrates of Mca1p are Proteins Involved in
the Regulation of Glycosylation—Proteins eluted from ConA
columns were digested with the GluC protease. Peptides with
K or R ends identified in at least two of three replicates in
WT-F conditions only were considered to be potential sub-
strates of Mca1p. Potential substrates were validated by la-
bel-free quantification. Potential substrates with the abun-
dance ratio of cleavage signature peptide greater than 2 in
WT-F condition relative to the other conditions for which a p
value ANOVA below 0.05 was obtained were considered to be
potential substrates with a high level of confidence. In these
conditions, we identified 49 highly probable substrates for 44

FIG. 4. Occurrence of N- and O-gly-
cosylation subtypes as a function of
cell conditions. Occurrence of glycosy-
lation subtypes (N-glycosylations in A
and O-glycosylations in B), identified
with the Byonic search engine, in all data
sets (proteins from crude samples, pro-
teins and peptides eluted from ConA
columns) were pooled and compared as
a function of cell conditions (WT, WT-F,
mca1�/� and mca1�/�-F).
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proteins (supplemental Table S5), some of which, including
cdc48p and the chaperone Ssb1p, had already been identi-
fied in a previous study (19). We identified other potential
substrates involved in glycoprotein biosynthesis and regula-
tion, such as Srb1p, Bgl2p, Ugp1p, Ecm33p, Gdp1p, and
orf19.338 (putative glycoside hydrolase), providing a possible
explanation for the direct involvement of the metacaspase in
the regulation of glycosylation (Table III). An analysis of Gene

Ontology terms for potential substrates showed an increase in
mitochondrial proteins (Tim50p, Cdc48p, Atp1p, Idh2p), as in
our previous study, but also enrichments in the terms “cell
wall,” “membrane,” “plasma membrane,” or “cell wall organi-
zation,” indicating a direct action of the metacaspase on
these particular compartments (Table IV). The metacaspase
targeted proteins involved in carbohydrate metabolism in par-
ticular. All the peptides identified and quantified after the GluC

FIG. 5. Label-free relative quantification of N- and O-glycosylated peptides as a function of cell conditions. Abundances of quantified
glycosylated peptides for which ANOVA p values below 0.05 were obtained were represented with the Javatreeview tool, for all data sets
(proteins from crude samples, proteins and peptides eluted from ConA columns) and cell conditions (WT, WT-F, mca1�/� and mca1�/�-F).

TABLE I
Gene ontology term enrichment in the different data sets, computed for (1) the type of glycosylation (N- or O-glycosylation) (2) proteins with
differentially glycosylated peptides (according to the label-free experiment) and (3) proteins with higher abundances of O-glycosylated peptides

in mca1�/�-F conditions than in the other conditions
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digestion of proteins eluted from ConA columns are described
in supplemental File S4.

Validation of the Induction of Ssb1p and Cdc48p Glycosy-
lation in the mca1�/�-F Extract—The glycosylation of the
Cdc48p and Ssb1p proteins was demonstrated indirectly,
based on the increase in their abundances following ConA
chromatography (in mca1�/�-F conditions) with respect to
the crude sample, and directly for Ssb1p, through the identi-
fication and quantification of glycosylated peptides. Immuno-
blotting with antibodies directed against Ssb1p and Cdc48p
revealed an increase in the abundance of these proteins in
mca1�/�-F conditions, as already reported in our previous
study for Ssb1p only (19). Bands with higher molecular
weights than Ssb1p and Cdc48p were observed, indicating a
possible increase in glycosylation in mca1�/�-F condition
(Fig. 6A and 6B), consistent with the results of the LC-MS/MS
study presented here. A much larger mass shift was observed
with Cdc48p than with Ssb1p. This is consistent with our
indirect demonstration of putative N-glycosylation for Cdc48p
and our direct demonstration of Ssb1p O-glycosylation by
LC-MS/MS. These findings suggest that the glycan moiety
associated with Cdc48p is probably very large and out of the
mass detection range of the mass spectrometer used.

Immunocharacterization of a Putative Substrate of
Mca1p—A degradation product of the Bgl2p protein was
highlighted by immunoblot (Fig. 6C) only in the WT-F condi-
tion, the sole condition with Mca1p activated and with apo-
ptosis release. The electrophoretic mobility of the immunode-
tected protein (apparent Mr 45 kDa versus 33.6 kDa
theoretical) is suggestive of some post-translational modifica-

tion of the protein. Indeed, the Bgl2p protein is known to be
N-glycosylated, and we observed a N-glycosylated peptide
from Bgl2p in our proteomics data of sequence
K.NSQAN[�1702.581]ASYSLFDDVMQALQTLQTAK (sup-
plemental Table S1).

Changes in Glycan Composition are Mediated by farnesol
and mca1 Disruption—Glycans released from protein samples
in the four sets of conditions (WT, WT-F, mca1�/�, mca1�/
�-F) were labeled with aminoxy-TMT reagents and analyzed
by LC-MS/MS. N-glycans were detected, as expected, by a
combination of PGNase F glycosidase and trypsin digestion.
However, TMT-labeled O-glycans were also found in the sam-
ples. We investigated whether these unexpected O-glycans
were free glycans or whether they were released from the
proteins by the PGNase F or trypsin, or by the TMT reagents.
Protein extracts from mca1�/�-F cells were incubated with
PNGase F after trypsin digestion, with trypsin alone and in the
absence of these two enzymes. The glycans were then puri-
fied and analyzed by LC-MS/MS, as described above. High
levels of enrichment in oligomannosides were found only after
combined digestion with PNGAse F and trypsin, indicating
that this treatment released O-glycans efficiently from pro-
teins (File S5). By contrast to what was observed for O-
glycans, N-glycan levels differed little between the various
conditions. Indeed, all the O-glycan subtypes identified dis-
played similar variations in abundance. Structural analyses of
O-glycan subtypes revealed a small increase in a certain
subpopulation in WT-F conditions and a large increase in
that subpopulation in mca1�/�-F conditions, whereas a
small decrease, similar to that for N-glycans, was found for

TABLE II
Examples of the glycosylated peptides identified and their label-free quantification, for the different cell conditions. Glycosylated peptides were
identified with the Byonic search engine and differences in peptide levels for all datasets were quantified in label-free experiments. All the
glycosylated peptides identified are listed in supplemental Table S1 and S2 and their quantification in the various cell conditions is detailed in

the supplemental Table S4
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another population in the mca1 disruption context (Fig. 7
and supplemental Fig. S3). The variations of O-glycans
abundancies were similar to those found for those of the
glycosylated peptides, with an increase in mca1�/�-F for
both glycans and glycopeptides. The oligomannosides mol-
ecules detected would therefore probably correspond to
glycans released from serine or threonine residues. All the
representative annotated spectra obtained for the glycans
identified and TMT-quantified are presented in supplemen-
tal Table S6.

DISCUSSION

Recent proteomics studies have identified many N-glyco-
sylation sites in diverse species, including budding yeast.
These studies generally make use of enrichment procedures
based on sugar-specific lectin chromatography, the cleavage
specificity of various glycosidases, including PNGase F with
H2

18O (23) and EndoH (21) and/or chemical reagents, such as
boronic acid (38). These approaches provide valuable infor-
mation about glycopeptides but little insight into structural
aspects of protein glycosylation, concerning glycan compo-
sition and the stereospecificity of sugar bonding, for example.
Such information is important, to determine the role of these

specific modifications in various biological processes, such as
apoptosis. For example, we lack precise informations about
the nature of the transition from Man8-(HexNAc)2 to Man7-
(HexNAc)2, which has been recognized as a signal for the
clearance of unfolded proteins from the endoplasmic reticu-
lum (8). We investigated O-glycosylated and N-glycosylated
protein content by quantitative glycoproteomics approaches,
with the aim of deciphering the mechanisms underlying meta-
caspase-dependent farnesol-induced apoptosis in C. albi-
cans. One limitation of this study concerned the sizes of the
glycan moieties accessible to mass spectrometry measure-
ment. This made it impossible to address changes in the
complexity of the large, branched oligomannosyl outer chains
described for many exocellular glycoproteins. Our sample
preparation method was not designed to conserve the parietal
components in the cell-free extracts (most of the cell-wall
proteins were removed by the low-speed centrifugation used
to eliminate unbroken cells and large debris from the sam-
ples). Most of the proteins analyzed were therefore derived
from the internal soluble and membrane-bound compart-
ments. Using the Byonic search engine (28), we were able to
carry out several different analyses for 26 glycosylation sub-
types simultaneously. This would not have been possible with

TABLE IV
Gene ontology term enrichment of potential substrates relative to all identified proteins obtained by GluC digestion of the proteins eluted from

ConA columns. A hypergeometric distribution was calculated for each GO term
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most standard database search engines. This approach
proved effective, as we were able to identify 62 glycosylated
peptides (in 45 proteins), 17 of which were N-glycosylated
and 45 of which were O-glycosylated. We identified also 81
additional sites of N-glycosylation in crude samples digested
by Endo H and trypsin. Previous proteomics studies charac-
terized only N-glycosylation sites, 135 (39) and 516 (23) of
which were identified in S. cerevisiae. Interestingly, we ob-
served differential N- or O-glycosylation of several proteins
involved in the general machinery of protein glycosylation,
such as Pmt1p, Pmt2p, suggesting that feedback control
loops occur in this process. We investigated whether the
apoptosis process or a lack of Mca1p could reveal aberrant
glycosylation sites. We found that glycosylation sites dis-
played an enrichment in proline residues in the P1� position,
and also in the P2� and P1 positions for O-glycosylation; this
finding is consistent with those deduced from the statistical
analysis of glycosylation sites in a database for O-glycosy-
lated proteins (10). For N-glycosylation, we observed no par-
ticular enrichment in specific amino acids around the glyco-
sylation sites. Characterization of the specific substrates of
the metacaspase Mca1p remains limited. We used a glyco-
protein enrichment procedure to identify new potential sub-
strates. An analysis of peptides eluted from ConA columns
and digested with the GluC endoprotease identified 49 pep-
tides for 44 proteins as potential substrates of the meta-

caspase, based on the most stringent selection parameters.
These new substrates can be added to the list of 77 putative
substrates (14 with the most stringent filters) that we identified
in previous studies (19). Some of these substrates were dif-
ferentially expressed in the samples analyzed. It was therefore
important to distinguish between differences in protein abun-
dance and differences in glycosylation status between sam-
ples. We carried out label-free protein quantification and gly-
can quantification to address this question. We observed an
increase in O-glycosylation with mannose moieties with low
levels of branching in apoptotic conditions (WT-F condition),
this increase being accentuated in the context of mca1 dis-
ruption. The label-free quantification of O-glycosylated pep-
tides from our various data sets revealed differences in pep-
tide abundant, with some peptides more abundant in the
mca1�/�-F protein extract. As the signal triggering apoptosis
is abolished in mca1�/�-F cells, this increase in O-glycosy-
lation may correspond to an attempt to improve protein fold-
ing to escape apoptosis. It may also be interpreted as a
degradation signal for the efficient removal of unfolded pro-
teins, thereby preventing the accumulation of misfolded pro-
teins systematically associated with apoptosis. In N-glycosy-
lated proteins, the occurrence of a glycan moiety with fewer
mannose residues than in Man8-(HexNAc)2 could be consid-
ered as a signal for the targeting of the protein to degradation
pathways, or as a reflection of a kinetic process of protein

FIG. 6. Validation of the induction of Ssb1p and Cdc48p glycosylation in the mca1�/�-F extract and immunocharacterization of a
putative substrate of Mca1p. The abundances of Ssb1p (A) and Cdc48p (B) were assessed in immunoassays, as a function of cell conditions
(WT, WT-F, mca1�/� and mca1�/�-F) in samples treated or not by Endo H. Arrows indicate immunoreactive material of the higher mass,
attributed to some glycosylated forms of the proteins. Those were Endo H insensitive (Ssb1p, panel A) or Endo H sensitive (Cdc48p, panel B).
Protein loading are probed using anti-Pgk1 antibodies (B2). C, Immunodetection of Bgl2p in the different experimental conditions. The arrow
points to a degradation product observed only in the WT-F condition. Control of protein loading using the anti-Pgk1p antibody is presented
in C2.
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modification occurring during degradation. However, as we
did not observe the induction of large numbers of N-glycosy-
lation subtypes by farnesol treatment and mca1 disruption,
this signaling pathway appears to be marginal in the experi-
mental conditions used (early phase of apoptosis induction).
As O-glycosylation is a sequential process, the occurrence of
oligomannosides with small numbers of mannose residues
may also reflect the kinetics of mannan transfer to targeted
proteins. These forms may be intermediates in the synthesis
of longer oligomannoside chains. The ConA enrichment pro-
cedure for glycopeptides clearly revealed differences in the
abundances of specific peptides correlated with growth con-
ditions or genetic background. However, these differences
may reflect differences in protein abundance, or glycan com-
position and/or abundance. We therefore performed a quan-
titative analysis of the N-linked glycan moieties released by
PNGase F and labeled with the aminoxy-TMT reagents. The

quantification of TMT reporters highlighted the dependence of
the abundances of some glycans on the biological conditions
tested. An analysis of the fragmentation spectra of the gly-
cans separated with a hydrophilic chromatographic support
made it possible to distinguish a number of structural variants
of oligosaccharides with the same mass and very similar
retention times. Some of these variants were branched oligo-
mannosides. Specific structure-dependent differences in the
abundances of these oligosaccharides were observed, with
higher abundances in WT-F conditions than in WT or
mca1�/� conditions, and much more abundant in mca1�/�-F
conditions. It is puzzling to label and quantify these oligoman-
nans chains because the aminoxy-TMT reagent has been
described as reacting with the reducing end of the sugar
released by PNGase-F treatment. We quantified the N-gly-
cans released by this enzyme and found that unexpectedly
large amounts of O-mannosides were released during the

FIG. 7. Relative quantification by TMT-labeling of the glycans released, for the four experimental conditions. Glycans were released
from trypsin digests of cell lysates for the four sets of conditions (WT, WT-F, mca1�/�, and mca1�/�-F), by incubation with the englycosidase
PNGase F. A, Total Ion current (TIC) chromatogram and localization of the major glycans identified in the separation gradient for the
amide-HILIC phase. B, Examples of glycans quantified with the aminoxy-TMT reagents. Labels 126, 127, 128, and 129 correspond to WT,
WT-F, mca1�/�, and mca1�/�-F conditions, respectively. Mass spectrometry acquisition was performed in triplicate with a mass range in MS
of m/z 250 to 1000 and for m/z 850 to 4000. The results for the second mass range are shown in supplemental Fig. S2. Details of the
quantification are provided in supplemental Table S6.
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experiment. The control experiments excluded the possibility
of these O-glycans being free glycans present in the initial
samples. The precise mechanisms involved in this atypical
reactivity of aminoxy-TMT are currently being investigated.
Our data indicate that the activity of the key enzymes involved
in the synthesis of the various types of oligomannoside chains
is subject to differential control, and we provide evidence that
the metacaspase Mca1p plays a direct role in determining the
glycan composition and glycosylation profile. Indeed, Mca1p
directly targeted proteins involved in glycan biosynthesis,
such as the GDP-mannose pyrophosphorylase Srb1p, the
deletion of which causes N- and O-glycosylation deficiency in
C. albicans (40), and impairs cell wall integrity (41–43) and cell
growth in S. cerevisiae (as Psa1p) (40); the UDP-glucose
pyrophosphorylase Ugp1p, which has been implicated in N-
linked glycan biosynthesis and the formation of beta-glucans
and glucomannoproteins in S. cerevisiae (44) and the 1,3-
beta-glucosyltransferase Bgl2p that is validated here as a
substrate of Mca1p by immunoblot. The Bgl2p protein is
essential to the maintenance of the cell wall integrity and is
involved in the incorporation of newly synthetized mannopro-
teins into the cell wall (45). The phosphomannomutase
Pmm1p (46), which is homologous to the Sec53p protein in S.
cerevisiae, was also identified as a putative substrate of
Mca1p in our previous study; this enzyme converts mannose-
6-phosphate into mannose-1-phosphate. This last glycan is
essential for the generation of GDP-mannose, which is re-
quired for the elongation of mannose chains and, thus, for O-
and N-glycosylations (47). We previously showed that Mca1p
degrades Cdc48p, Ssb1p and other chaperones involved in
protein folding in apoptotic conditions, resulting in an increase
in the abundance of these proteins in mca1�/�-F conditions.
This study provides the new finding that both proteins are
more glycosylated in mca1�/�-F conditions. This was con-
firmed by both the LC-MS/MS analysis (indicating a high level
of O-glycosylation of Ssb1p) and by immunoblotting. The
ConA-affinity enrichment step led to the identification of new

putative substrates of the metacaspase, such as Msi3p, an-
other chaperone involved in the cell cycle, the deletion of
which results in spindle elongation during S phase. Cdc48 has
also been implicated in mitotic spindle disassembly (48), and
Ssb1p is involved in the regulation of the mitotic cell cycle in
S. pombe (as sks2 protein) (49). These results suggest that the
metacaspase Mca1p plays a critical role in the regulation of
cell cycle progression, as reported for nonapoptotic S. cerevi-
siae cells (50), in which the disturbance of cell cycle progres-
sion may lead to cell death. Many of the putative substrates of
the metacaspase were located in mitochondria and in the
mitochondrial envelope, as demonstrated in both this and our
previous study, but some substrates were also found in the
cell wall, membrane and plasma membrane. As expected, the
glycosylated proteins identified and quantified were most
present in or targeted to the cell wall compartment and the
plasma membrane. More N-glycosylated proteins than O-
glycosylated proteins were associated with the endoplasmic
reticulum, as expected, because N-glycosylation is initiated in
this compartment (51). We also found N-glycosylated proteins
in the mitochondrial compartment, as previously reported
(20–22). We hypothesize that the presence of these proteins
in this compartment may result from the activity of the OST
complex at the sites of contact between the mitochondria and
the endoplasmic reticulum. We are currently testing this hy-
pothesis by analyzing the proteome of MAM domains. We
found that that the protein disulfide isomerase Pdi1p, another
key component of the ERAD system, was hyper-N-glycosy-
lated in the presence of farnesol, both with and without mca1
disruption. The N-glycosylation of this protein was reported in
a previous proteomics study, but information was provided
only about the glycosylation site, and in the absence of stress
(39). The N-glycosylation of Pdia2, a protein disulfide isomer-
ase, has been observed in human cells and was found to be
essential for the dimerization of this protein (52). This modifi-
cation may activate this protein, which connects control of the
protein glycosylation pathways to the apoptotic stress re-

FIG. 8. Proposed model for the inter-
action between Mca1p and the glyco-
sylation machineries, ERAD and PQC
systems, in the apoptosis release.
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sponse. These findings demonstrate the involvement of
Mca1p in glycan and glycosylation regulation and show how
cells abolish apoptosis in the absence of Mca1p and in stress
conditions, by maintaining the correct functioning of several
key mechanisms of the stress response, such as the ERAD,
PQC or mitochondrial integrity pathways. Our results suggest
that the high levels of O-glycosylation observed are instru-
mental to these processes (Fig. 8), and may significantly con-
tribute to protection against the proteolytic activities amplified
during apoptosis. These findings open up unexpected new
possibilities for developing targeted inhibitors of C. albicans
growth.
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